T LOW temperatures, sodium fluorescein stains the extravascular tissues of the brain. This vivid intracerebral deposition occurs after the brain has been cooled below e3~ for at least 26 minutes. 2 Presumably, it is indicative of an alteration in cerebral permeability, since the negatively charged dye ordinarily does not pass the blood-brain barrier. 4,5 Indeed, its passage suggests that other substances (usually excluded from the brain) may permeate the cerebral parenchyma under the extraordinary conditions created bythe profound hypothermia.
Thirty-six healthy Macaca rhesus monkeys (average weight 3.5 kg.) were used in this study.
a. Operative Technique. Twenty-eight animals were subjected to tracheotomy, intubation, and trepanation under careful local anesthesia (5 cc. Nupercaine 1/1500). The endotracheal tube was connected to a mechanical respirator arranged so as to provide 5 per cent supplemental oxygen with room air. A copper constant thermocouple probe was inserted over the parietal dura mater in the trepanation and sutured in place during closure of the overlying scalp. It was connected to a Minneapolis-Honeywell temperature reader. A rectal probe measured temperature by means of connection to a Yellow Springs recorder. An intravenous catheter was inserted in the right long saphenous vein and connected to a slow-running infusion of 5 per cent dextrose in water. Fluid volume given by this method, which was used as a vehicle for administration of drugs, never exceeded 50 cc.
Eight animals were subjected to left parietotemporal craniotomy under local anesthesia after endotracheal intubation, induction with Fluothane and maintenance on oxygen and Anectine. 7 In these cases, a cortical epileptogenic lesion was made by direct application of a wafer containing 3000 units of penicillin G. TM Later in these experiments, the wide area of cortex surrounding and including ttfis lesion was removed by subpial dissection.
Scalp, cortical, and cardiac recordings were made on an 8-channel Grass electroencephalograph.
b. Cooling and Heat Exchange. In 14 animals, this was done by carefully packing the head and upper neck in ice wrapped about with Koroseal. The average time of cooling was 1 hr. in this group. In 8 animals (that underwent craniotomy and received penicillin lesions) the brain was cooled topically by irrigation with iced Elliot's solution in a technique which has been described recently? 2 In the latter cases, [)rain temperature was recorded by intracerebral thermistor probe to a depth of 5 mm. to 1 cm., while rectal temperature was monitored as noted above. The average time of topical brain cooling was 10 min.
A total of ~ animals underwent regional or 637 topical hypothermia, while 14 were maintained at "normal" temperatures and served as controls. These levels of doses are considered analogous to therapeutic doses in clinical practice. The rate of administration generally was uniform and slow. The average time of injection was 10 min. In the case of diphenylhydantoin sodium, administration was slowest and the total dose usually was divided into 6 equal parts, each of which was given over a ~-min. period with an interval of approximately 3 min. It was found necessary to regulate the administration of diphenylhydantoin sodium with great care as rapid, or even moderately rapid, injection promptly killed the animal. Similarly, a slow rate of injection of d-tubocurarine was advisable lest cardiac dysrhythmia occur.
The d-tubocurarine was labeled with C 14 in the dimethyl position, while diphenylhydantoin sodium was also labeled with C 14, but in the C 4 position.
d. Methods of Assay. The brain specimens were taken after sacrificing the animals in ~8 cases. After exsanguination by severance of great vessels in the chest, the brain was removed carefully in the usual manner. Postmortem temperatures were taken from various areas and then samples of tissue from gray, white, and whole brain were taken from frontal, temporal, parietal, and occipital lobes, as well as pons and cerebellum. In 8 cases, the brain specimens were excised at operation as noted above.
The assay of labeled (C 14) drugs was done by Packard counter, using tissue homogenatcs from samples of known weight.
The quantity of dimethyl penicillin was estimated by the cylinder plate method, using Sarcina lutea as the test organism. 6
All animals received 50 microcuries of Cr ~l-labeled sodium chromate. The activity of chromium then was counted from a standard blood sample (1 cc.) which was taken just before sacrifice or immediately before cerebral excision (in the operative cases). The activity in this sample was compared to the Cr 5~ activity in a brain-tissue sample of known weight. Then by extrapolation from these figures, the percentage of blood in the sample was calculated. The resultant figure was used in further calculation of amounts of labeled drugs present in homogenates of tissue taken from the brain. respectively. Two others were cooled to an extradural temperature of ~0 ~ and ~l~ and then rewarmed until the extradural temperature reached 35~ Another pair were not cooled but received the drug at extradural temperatures of 34 ~ and 34.5~ respectively.
When the animal was cooled, the drug was given 30 min. after the lowest extradural temperature was recorded. The animals that were not cooled received it at least 30 rain. after the extradural temperature was stabilized and approximately 90 min. after beginning of the preparation. Table 1 and Fig. 1 show the relative amounts of the drug found in various regions of the brain at various temperatures.
All animals received comparable doses of the drug. The e that were not cooled recovered motor power spontaneously about 130 rain. after injection. Yet the ~ that were carefully rewarmed after cooling never recovered motor power despite Prostigmin and general supportive measures.
The electrograms recorded from the warm animals appeared normal 3 hrs. after injection of the d-tubocurarine. However, tracings taken 3 hrs. after rewarming animals (35~ that had been cooled to ~0~ showed persistent epileptiform activity (Fig. 2) . This first appeared in the record approximately 30 min. after rewarming and continued thereafter. Persistent activity of this kind has not been seen after recovery from profound hypothermia without drugs. Since d-tubocurarine may cause hypotension, all animals were postured so that the head was at or below the level of the heart. However, no marked hypotension was noted and vasopressors were not required.
Cardiac irregularities were recorded when the reetal temperature drifted below 30~ However, these could be avoided if the body was kept warm with hot-water bottles.
b. Diphenylhydantoin Sodium. Twentythree animals received diphenylhydantoin sodium by vein. The average dose was 3.0 mg./kg, of body weight. Eleven of these were cooled so as to attain extradural or brain temperatures averaging 14.8~ The initial extradural or brain temperature in these eases averaged 84.1~ Eight of these animals underwent craniotomy and were subjected to topical cooling as noted above. Of the latter, all had cortical penicillin lesions discernible (after intravenous injection of sodium fluoreseein) under ultraviolet light (Fig. 3) . The eleetrographic characteristics of these lesions are shown in Fig. 4 . When the cooling was combined with diphenylhydantoin sodium, the eharacteristic epileptiform activity of the lesion did not reappear after rewarming although records were continued for 3 hrs. thereafter (Fig. 4) . However, in 8 similar preparations that did not receive diphenylhydantoin sodium (but were cooled and rewarmed), epileptiform activity disappeared during the time at low temperatures but returned and persisted thereafter (Fig. 4) .
Eighteen animals received diphenylhydantoin sodium at normal temperatures (86~ One of these died during injection of the drug. Of the remaining 17, 8 underwent craniotomy and cortical penicillin lesion (as above), while 9 were prepared by tracheotomy, intubation, trepanation, and extradural thermistor recording, etc, as in the case of animals that received d-tubocurarine. The electrographic characteristics of the "normaltemperature" animals with penicillin lesions that received Dilantin are shown in Fig. 5 . In these cases, the lesion continued to fire without significant change after the injection of the drug. The relative deposition of diphenylhydantoin sodium at the several temperatures and in various regions of the brain is shown in Table ~ given this synthetic penicillin by intravenous injection. The average dose was 80 mg./kg. of body weight. The dose was given 30 rain. after the lowest temperature or 1 hr., 30 min. after beginning of preparation in those animals kept at normal temperatures.
Five subjects were prepared and cooled to an average extradural temperature of 14.8~ Four were prepared similarly but not cooled. These received the drug at an average extradural temperature of 84~
The relative amounts of this dimethyl penicillin assayed from the brain regions at various temperatures are shown in Fig. 7 and Table 3 . It seems clear that there is a deposition in the low-temperature specimens, but little or none in those taken at normal temperature. In consideration of these results, the probability of cerebral depositions at normal temperatures is paramount. According to Bovet, 3 d-tubocurarine ordinarily is excluded from the brain. In general, the same can be said for the penicillins, 14,1a even though Bailey and Derby 1 and others have shown clearly significant cerebrospinal-fluid levels after intravenous administration of high doses. These levels probably are more related to diffusion from choroid plexus than across blood-brain barrier, and they are based on the use of very high doses indeed. However, according to Noach et al. u diphenylhydantoin sodium concentrates within the brain at normal temperatures. They showed that such concentration reaches a maximum within 30 rain. after administration, but never equals relative levels in liver, kidney, or salivary glands (Fig. 8) . Tower I7 attributed this disparity in intra-organic concentration to the bloodbrain barrier. Presumably, the barrier is affected, if not temporarily inactivated, at these critical temperatures. diphenylhydantoin sodium appears in cerebral tissue in profound hypothermia than is present at normal temperatures. Nonetheless, the combination of diphenylhydantoin sodium and cooling suppressed the paroxysmal activity of a well-established epileptogenic lesion which was relatively unaffected by either diphenylhydantoin sodium or cooling alone. This unique effect of the drug dur-38-3 I~ ~6-~3~ < 2 I~ 1.9 4, .0 2. 6 8 1~ that GABA (given by vein) suppresses strychnine-induced paroxysmal discharges where the blood-brain barrier has been damaged, but not where it is intact. Perhaps the cooling inactivates the bloodbrain barrier so as to permit a slight but critical increase in cerebral deposition of diphenylhydantoin sodium ? Such a suggestion also raises the question of activity of drugs at low temperatures. Mahaley et al. 8, 9 already have shown that certain anti-cancer agents are less effective at low temperatures, but this does not seem to be the case with d-tubocurarine or diphenylhydantoin sodium. The activity of the penicillins at low temperatures may be reduced, but no information is available on this point. In any event, the deposition can be made at low temperatures and then the brain can be rewarmed rapidly so as to utilize the subsequent pharmacologic effects at normal temperatures.
Apparently, there was some central action various organs and tissues according to Noach et al. n of the d-tubocurarine at low temperatures. In these cases, the electrographic records taken after rewarming showed persistent epileptiform activity. However, the comparable electrographic records from animals that received d-tubocurarine but were not cooled appeared normal. As Morlock and Ward ~~ pointed out, the central effects of intravenous d-tubocurarine at normal temperatures are variable, but topical application under similar conditions produces consistent and reproducible augmentation of the direct cortical response. Perhaps the cooling has permitted passage of the barrier? Certainly no such animal that was cooled could be resuscitated, whereas facile recovery characterized the course of animals at normal temperature. The levels of doses are low and amounts of drugs do not seem sufficient to warrant special consideration. In general, every effort was made to give amounts comparable to minimal therapeutic doses. So, for example, the total diphunylhydantoin sodium given to 1 subject was considered comparable to a 200 rag. dose in a 70 kg. human.
Certainly the general conditions of the profound hypothermia must be considered carefully in relation to the deposition or activity of the drugs. Every effort has been made to avoid trauma, hypoxia, hypotension, hypertension, or other situations that would damage or alter the blood-brain barrier. Yet the ideal protection of the brain and its systems of barrier would preclude any alteration of homeostasis whatsoever. So there may well be undisclosed variables. The general anesthetics have been avoided and the only corollary medication was small amounts of local anesthetic. Thus the surgical trauma has been minimized and in many cases the brain was never exposed until after death. Moreover, the conditions of preparation and operation in profound hypothermia and normal temperatures were almost identical. The only salient difference was temperature.
It seems clear that the gradients of temperature must be steep. In each case in which cooling was rapid, deposition was high. When cooling was prolonged, deposition was less or (rarely) uncertain. Moreover, the cooling must quickly reach levels below ~8~
(extradural temperature is usually ~ to 4 degrees below intracerebral when the head is cooled by wrapping) and be maintained for at least 80 rain. Thus, if injection was begun earlier, deposition was less, as would be suggested by Teorell's TM formulae. Indeed, the time between lowest cerebral temperature and injection is critical. However, since efficacy of cerebral circulation must be such as to provide adequate passage of the drugs, this time cannot be prolonged excessively.
The mechanism of action of the cold is not yet clear. It is clear that when the brain reaches and maintains temperatures below ~5~ for at least 80 rain., the cerebral reaction to fluoresccin is extraordinary and there is a relative increase in cerebral deposition or activity of certain drugs.
